The primary sites of infection and principal reservoirs for transmission of group A streptococci are the nasopharyngeal mucosa and the impetigo lesion. However, pharyngitis and impetigo are rarely observed prior to invasive disease, and, thus, the origin of invasive strains is largely unknown. As part of an active surveillance program, group A streptococci were obtained from normally sterile tissue sites of Connecticut residents during a 6-month period. Organisms were analyzed for genetic markers that distinguish between strains that use the nasopharynx versus an impetiginous lesion as their primary site for infection. The nasopharyngeal marker was observed for most sterile-site isolates, suggesting that the upper respiratory tract is the principal reservoir from which organisms causing invasive disease are disseminated. Genotypic analyses of sterile-site isolates support the view that additional factors, aside from a recent emergence of a few virulent clones, are important contributors to invasive group A streptococcal disease.
The overall incidence of severe invasive group A streptococemm-like genes on the chromosome takes the form of only five major patterns [17, 18] . The objective of this study is to use cal infection has likely undergone a dramatic increase in several parts of the world since the mid-1980s [1 -12] . Group A strepthe tissue-related emm gene patterns as markers for predicting the principal reservoir for group A streptococcal strains isolated tococci are among the most common bacterial pathogens afflicting humans, and disease usually takes the form of a nonfrom normally sterile tissue sites. life-threatening and self-limiting pharyngitis or superficial impetigo. The nasopharyngeal mucosa and impetiginous lesion Materials and Methods of the human host are the two principal tissue reservoirs for the maintenance and transmission of group A streptococci.
Case reporting and collection of bacterial isolates. ConnectiHowever, in invasive group A streptococcal disease, the portal cut is one of four states participating in an Emerging Infections of entry into the host is often not known [2, 4, 8, 9, 11] .
Program (EIP) through a cooperative agreement with the Centers
The concept of distinct groups of throat and skin (i.e., impefor Disease Control and Prevention (CDC). One of the projects of tigo) strains of group A streptococci is well recognized [13 - the program involves active population-based laboratory surveil- 15] . A recent study [16] showed that populations of nasophalance for invasive disease caused by several bacterial pathogens, ryngeal-and impetigo-derived group A streptococci are genetiincluding group A streptococci. In January 1995, invasive group cally distinct in the portion of the chromosome (emm gene A streptococcal disease was made a reportable disease in the state of Connecticut. As a result, hospital laboratories were required to region) that encodes for the determinants of a widely used send group A streptococcal isolates obtained from normally sterile serologic typing scheme (M proteins with an anneal temperature of 55ЊC and an extension time of 1-3 min, depending on the sizes of the expected products. Arbitrary-primed PCR, or random-amplified polymorphic DNA (RAPD). Chromosomal DNA was purified and PCR amplifications were done as described above, with the following modification: A single 10-mer oligonucleotide primer (p17; 5-GATCTG-ACAC-3) was used at a concentration of 2.0 mM and MgCl 2 was included at 2.5 mM [22] . Thermal cycling was performed as described [22] : Cycles 1-5 were run at 94ЊC for 30 s, 37ЊC for 2 min, and 72ЊC for 5 min, followed by cycles 6-40 at 94ЊC for 30 s, 37ЊC for 1 min, and 72ЊC for 1.5 min. Gels containing 1.0% ME agarose (FMC BioProducts, Rockland, ME) were used to separate reaction products. For all DNA templates that initially yielded only a few or no bands, template DNA was tested at reduced concentrations; for all strains, complex and reproducible banding patterns were obtained. Each DNA template was tested for PCR Figure 1 . Chromosomal arrangement of emm and emm-like genes.
amplification a minimum of three times; experimental repeats emm and emm-like genes fall into 1 of 4 major subfamilies (SF) helped to reduce any ambiguities arising from variations in the defined by nucleotide sequence differences in portion of emm or emmintensity of certain bands. Each RAPD profile is represented by like gene encoding peptidoglycan-spanning domain [17] . ú99% of isolates that are identical in bands migrating between 0.4 and 2.4 group A streptococcal strains examined have 1, 2, or 3 distinct emm kb. All RAPD analyses were completed at Yale University without or emm-like genes arranged in 1 of 5 chromosomal patterns (A -E) shown. Nomenclature shown for each of 3 emm and emm-like gene prior knowledge of the emm nucleotide sequence and T antigen positions (mrp, emm, enn) within emm chromosomal region is that serotyping data, which were determined at CDC. proposed by Whatmore et al. [21] .
Detection of the speA gene. PCR amplification of chromosomal DNA was done using primers 5-ATGGAAAACAATAAA-AAAGTATTG-3 (forward) and 5-TTACTTGGTTGTTAGGTAor surgical tissue biopsies. Isolates were collected from throughout GACTTC-3 (reverse), corresponding to amino acids 1-8 and 245 the state; the three most populous counties each accounted for through stop codon, respectively, of the published speA sequence 25%-29% of the isolates, and the remaining five counties shared [23] . Conditions used for PCR amplification for speA were the 17% of the total. A retrospective audit of hospital microbiology same as those used for emm chromosomal mapping. laboratories uncovered 12 additional cases of group A streptococEmm gene sequencing. Nucleotide sequence determinations cal invasive disease. In addition, isolates derived from normally were made for the 5 ends of emm genes as previously described sterile tissue sites of 9 patients were never sent to the state labora-
[24], except that primer emmseq2 (5-TATTCGCTTAGAAAAtory; since these 21 bacterial isolates were not available for molec-TTAAAACAGG-3) was used at an annealing temperature of ular analyses, those cases were excluded from the study.
55ЊC. For all isolates, including those with multiple emm genes, the T antigen serologic typing was performed by standard methods.
gene amplified with primers 1 and 2 [21] and used for nucleotide Strains associated with recent cases of severe invasive disease sequencing is that designated ''emm'' in figure 1 ; the gene occufrom elsewhere in the United States (i.e., strains with an MGAS pying the central position within the emm chromosomal region designation), which were previously evaluated by multilocus enmost likely represents the gene encoding for the principal serologic zyme electrophoresis [20] , were provided by James Musser (Baylor determinant (M type) [21, 25] . Sequences were designated as emm University, Houston).
types on the basis of identities or near identities to emm genes of the Determination of emm chromosomal patterns. The relative arstandard M typing strains; the criterion was nucleotide sequence rangement of emm genes on the chromosome was determined as identity §95% in the first 160 bases of the 5 end when compared previously described [16] [17] [18] (figure 1). Chromosomal DNA was with Genbank sequences as defined in [24] . prepared from overnight cultures of group A streptococci and used as a template for a series of polymerase chain reaction (PCR)
Results
amplifications. Subfamily-specific primers were paired with a second primer capable of hybridizing to DNA within the emm chromoIncidence of invasive disease. A total of 64 sterile-site isosomal region of at least some strains, and a series of overlapping lates of group A streptococci were collected by the State of In the Connecticut population-based study, õ2% of the ster- trary-primed PCR (RAPD), nucleotide sequence determination ** All emm pattern E isolates exhibited opacity factor activity.
of the 5 portion of the central emm gene (defined in figure 1) [16] ; vast majority of throat isolates came from cases of uncomplicated pharyngitis or acute rheumatic fever, and impetigo lesions from which bacteria were isolated were typically superficial rather than having deep tissue involvement.
CDC. Collectively, the 64 isolates exhibited 26 distinct RAPD profiles shared the emm3/T3 type, we presume that isolates of all four profiles are closely related. Thus, as many as 30 of the profiles. There were 21 unique combinations of emm gene sequence type and T serotype among the 58 strains that were 64 sterile-site isolates (47%) from Connecticut are genotypically related to clones previously identified as causative agents subjected to those evaluations.
The RAPD profile representing the most isolates was RAPD1 for a significant proportion of severe invasive group A streptococcal infections [3 -5, 20] . However, equally important is (n Å 18), and all RAPD1 organisms exhibited emm1/T1. Three previously characterized electrophoretic type (ET) 1 isolates the finding that the remaining half of the sterile-site isolates displayed extensive genetic diversity. [20] displayed the RAPD1 profile (data not shown); ET1 and ET2 represent 2 clonal groups that likely account for many of For the 58 strains that were analyzed by all three parameters (RAPD, emm type, and T type), 28 unique combinations are the invasive group A streptococci isolated within the past decade [2 -5, 8 -10, 20, 29, 30]. Four RAPD profiles (RAPD2 -observed. Two RAPD profiles (RAPD1 and RAPD6) corresponded to emm1/T1, whereas four (RAPD2 -RAPD5) were RAPD5, n Å 12) corresponded with emm3/T3; two of these profiles (RAPD2 and RAPD3) were identical to the RAPD associated with emm3/T3. Two additional sets of strains with identical emm type/T type combinations also had multiple profiles of ET2 strains MGAS157 and MGAS158, respectively. The RAPD2, RAPD4, and RAPD5 profiles each differed from RAPD patterns (RAPD13 and RAPD14, RAPD21 and RAPD22). The data are consistent with a previous study in RAPD3 by one or two bands. Since two distinct RAPD profiles fell into a singular ET, and all four of the RAPD2 -RAPD5 which RAPD analysis using the same oligonucleotide primer (p17) had a higher discriminatory power than M protein serotyping [22] . In most instances, the strain contents of a given RAPD pat- mucosa, and impetiginous lesion. A comparison of the relative is a genetic marker for the principal tissue site for group A pharyngeal site or superficial impetigo lesion, whereby the organism is acquired via secondary transfer or from another streptococci, then one can conclude that the nasopharyngeal mucosa is the principal reservoir for strains capable of causing contact. In a previous study, the majority of isolates obtained from cases of impetigo were derived from superficial lesions; severe invasive disease in Connecticut. We assume that there exists many individuals within the community that harbor in 95% of the impetigo isolates analyzed display emm chromosomal patterns D or E [16] . their throats, without any severe ill effects, the same clones that occasionally cause invasive disease [31] . From the throat
In contrast to the impetigo-derived strains, 75% of the organisms obtained from Connecticut patients with cellulitis were of a susceptible host, a given organism might undergo hematogenous spread or alternatively, it may gain access to normally of emm chromosomal patterns A -C. Furthermore, of the 20 cases of cellulitis, blood isolates were obtained from 65% of sterile tissue via secondary transfer through a break in the skin.
Although the relative distribution of emm chromosomal patthe patients. Thus, our findings are consistent with a common clinical course for group A streptococcal cellulitis, whereby terns was similar for the sterile site -and nasopharyngealderived populations, the 2 groups differed in a fundamental bacteria are transferred from the throat to a break in the skin, and deep cutaneous infection leads to bacteremia in some paway: The sterile-site isolates were epidemiologically related, whereas the nasopharyngeal isolates were epidemiologically tients. The relatively high association of bacteremia with cellulitis in the Connecticut patients may reflect a unique virulence unrelated. Coupled to this is the fact that the spectrum of M types among the sterile-site versus nasopharyngeal groups is property of emm1 and emm3 type isolates, which together represent 9 of the 13 bacteremic cases of cellulitis. significantly different [16] . Thus, the mode of sampling has no obvious effect on the overall distribution of emm patterns. This
This prospective survey of invasive group A streptococcal disease is distinct from many other population-based studies finding reinforces the view that there exists biologically important subpopulations of this bacterial species that are genetiin that the active surveillance system guarantees collection of most sterile-site isolates from patients statewide. Furthermore, cally distinct in the emm chromosomal region. Whether the sterile-site isolates merely reflect the group A streptococcal the temporal and spatial limits are narrowly defined. The finding that almost half of the sterile-site isolates appear to be clones that are prevalent in Connecticut or whether they comprise a distinct subgroup of strains is not known.
genetically related to 2 clonal groups (represented by emm types 1 and 3) underscores the contribution of a few virulent Our findings are consistent with several other lines of evidence suggesting that group A streptococcal strains associated clones to the disease burden. Equally striking is the finding that more than half of the isolates display extensive genetic with invasive disease reside principally in a throat reservoir within the human population. A small percentage of patients diversity. The nonclonal nature of invasive group A streptococci is exemplified by the 18 emm pattern E isolates, which with invasive disease (typically õ20%) present clinically with pharyngitis [2, 4, 8, 9, 11] . One can also argue that many of are represented by 16 unique RAPD/emm type/T type combinations. Thus, many distinct clones have the capacity to cause the M types associated with invasive disease are typical of ''throat'' types [32] , and that invasive disease occurs in cominvasive disease [20, 36] , and a wealth of genetic diversity is displayed by this bacterial species within a relatively small munities at times when streptococcal impetigo is uncommon. In a recent study on a single clone of group A streptococci geographic region and over a short duration. Therefore, a recent emergence of only a few virulent clones cannot fully account that was responsible for an outbreak of invasive disease in Minnesota, the identical clone was found in association with for invasive group A streptococcal disease in the 1990s. pharyngitis and asymptomatic throat carriage among other individuals within the same community [33] . The use of genetic
